Abstract: This paper presents unidirectional shaking table tests of two reduced scale steel models of building frames; they have one and two floors, respectively. Such frames incorporate friction dissipators at every floor. The inputs are sine-dwells and artificial and registered earthquakes. This work belongs to a larger research project aiming to assess the seismic efficiency of friction dissipators by means of an integrated numerical and experimental approach. Inside this framework, the main objectives of these experiments are: (i) to collect a wide range of results useful to calibrate a numerical model derived inside the project, (ii) to contribute to clarify some of the most controversial issues about friction dissipators (behavior for inputs containing pulses, capacity to cut resonance peaks, introduction of high frequencies in the response, self-generated eccentricities), (iii) to better understand their dynamic behavior, (iv) to give an insight on the feasibility and reliability of using simple friction dissipators for seismic protection of building structures and (v) to characterize the hysteretic behavior of these devices. Most of these objectives are satisfactorily reached and relevant conclusions are stated.
Introduction
In earthquake engineering, the traditional design approach consists of designing ductile constructions and thus dissipating the input energy through large strains in the main structure. However, these strains imply damage. Conversely, the use of energy dissipation devices not belonging to the main gravity loadresisting system was suggested in the 1970s (Hanson et al. 1997 , Housner et al. 1997 , Soong and Dargush 1997 . These devices are specifically designed to absorb the input energy, thus protecting the main structure. Moreover, they can be easily replaced after strong excitations. Fig. 1 shows three sketches of moment resisting frames equipped with energy dissipators.
Fig. 1. Building frames equipped with energy dissipators
The systems depicted in Fig. 1 are intended to reduce the inter-story drifts. In Fig. 1a dissipators are placed between the main structure and the bracing system, Fig. 1b displays sliding dissipators connected to two split diagonal braces while Fig. 1c shows devices connected to four half-braces. In all these cases the inter-story drift motion generates strains in the devices, thus producing energy dissipation.
Three major types of energy dissipators are used: (a) devices with viscous or viscoelastic materials, (b) devices based on plastification of metals and (c) friction devices. For each of these types, Fig. 2 shows typical hysteresis loops; the interaction forces F are plotted vs. the relative displacements d. Fig. 2a shows that the behavior of viscous or viscoelastic dissipators is rather linear as their hysteresis loops are near elliptic (Chopra 2001) . Conversely, the behavior of metal (Fig. 2b ) and friction devices (Fig. 2c) is non-linear. Fig. 2c shows typical loops of a friction device; these plots are based on a simple Coulomb model and indicate that the friction force cannot exceed the sliding thresholds ±  N, where  is the friction coefficient and N is the transversal prestressing force. Since the friction force always opposes motion, every time it reverses there is an abrupt vertical discontinuity between  N and   N; consequently, the behavior is highly nonlinear. This paper focuses on friction dissipators. Such devices have several relevant advantages: -High energy dissipation per cycle at a given amplitude, since the hysteresis loops are rectangular as shown in Fig. 2c . -Virtually boundless dissipation capacity, mainly limited by the wearing of the sliding surface.
Fig. 2. Hysteresis loops of energy dissipators
-Controllable sliding thresholds through transversal prestressing forces.
A variety of friction dissipators have been proposed for structural energy dissipation (Pall and Marsh 1982 , Palsson et al. 1984 , Tyler 1985 , Sumitomo 1987 , Pall 1989 , Richter et al. 1990 , Vezina et al. 1992 , Cherry and Filiatrault 1993 , Grigorian et al. 1993 , Way 1996 , Soong and Dargush 1997 , Housner et al. 1997 , Wu and Ou 2003 , Cho and Kwon 2004 , Morgen and Kurama 2004 , Tsai et al. 2008 , Morgen and Kurama 2008 , design criteria have been issued (Rao et al. 1996 , Colajanni and Papia 2008 , Levy et al. 2000 , Moreschi and Singh 2003 , De la Llera et al. 2005 , Levy, Lavan and Rutenberg 2005 , numerical simulation algorithms have been formulated (Dimova et al. 1995 , De la Cruz et al. 2007 ) and a number of applications have been reported (Pall et al. 1993 , Tena 2007 , Zhou et al. 2007 ). In the reference (Dimova and Hirata 2000) a study about the seismic efficiency of friction dissipators is presented. The proposed devices differ in their mechanical complexity and in the materials used in the sliding surfaces, but if it is assumed that the friction coefficient is non-velocitydependent, that the static and dynamic friction coefficients are equal and that the prestressing force is constant, almost all of them generate near-rectangular hysteresis loops as the one depicted in Fig. 2c . Only the so-called EDR (Energy Dissipating Restraint) devices (Richter et al. 1990; Nims et al. 1993) exhibit significantly different loops since their mechanism is not purely frictional but is combined with spring elements; depending on the spring constant, the initial slip load, and other parameters, several different types of hysteretic behavior are possible.
In spite of the relevant existing background about friction dissipators there are still some open questions that can jeopardize their seismic efficiency: -The energy dissipated per cycle is proportional to the maximum displacement (see Fig. 2c ) instead of being proportional to its square, as in viscous or viscoelastic dampers (see Fig. 2a ). This fact can be relevant for inputs containing either sudden pulses or unexpectedly high amplitudes, since in both cases large displacements can arise. Moreover, resonance peaks cannot be properly cut as discussed by Den Hartog (1985) ; that author showed that if a friction device is driven by a harmonic input whose force amplitude is f0, the amplitude at resonance is infinite unless µ N > f0  / 4. -Due to the frequent and sudden changes in the sticking-sliding conditions and to the abruptness of the relative motion switching (see Fig. 2c ), high frequencies might be introduced in the response (Housner et al. 1997) , mainly in the acceleration. This might be relevant both for human comfort conditions and for damage in non-structural elements. -Given the inherent uncertainty of the values of the sliding thresholds ±  N, some twist effects might arise, even in symmetrical buildings (De la Llera et al. 2005 ).
-Durability is open to discussion, mostly due to the high sensitivity of the friction coefficient to the conditions in the sliding surfaces.
To shed light on these issues is not easy, either by testing or by numerical simulation:
-Reported experiments (Tyler 1985 , Filiatrault and Cherry 1987 , Fitzgerald et al. 1989 , Anagnostides and Hargreaves 1990 , Aiken and Kelly 1990 , Richter et al. 1990 , Whittaker et al. 1991 , Grigorian et al. 1993 , Yang and Popov 1995 , Wu and Ou 2003 , Morgen and Kurama 2004 , Ng and Xu 2006 , Vial et al. 2005 , Ricles et al. 2006 , Zhu et al. 2006 , Tsai et al. 2008 , Morgen and Kurama 2008 , Iyama et al. 2009 ) do not yield enough information about those questions, as they are mostly oriented to check the global validity of particular devices or assemblies. -The numerical simulation constitutes a challenging issue as the dynamic behavior of friction devices is highly nonlinear, as discussed previously. Moreover, the proper simulation of the high frequency motion can be particularly difficult. The existing models are either computationally costly (based on Lagrange multipliers or penalty methods, Bathe 1982) or rather inaccurate (based on bilinear or elasto-plastic simple models, Foti et al. 1998 ).
This work belongs to a larger research project aiming to clarify these issues using an integrated numerical and experimental approach. The final objective is to investigate the efficiency of friction dissipators for seismic protection of buildings (De la Cruz et al. 2002 , De la Cruz 2003 . The project consists of the following stages: (i) developing a new numerical model of the dynamic behavior of buildings equipped with friction dissipators (De la Cruz et al. 2001 , De la Cruz et al. 2007 ), (ii) testing laboratory models of building structures incorporating friction dissipators, (iii) calibrating the proposed numerical model with these experimental results and with other ones available in the technical literature, and (iv) performing a numerical parametric assessment of the seismic efficiency of friction dissipators using the proposed model. The first three stages are already completed while the fourth one is in progress. This paper focuses on the experiments, i.e., the second stage. It should be noted that this research is not restricted to any particular device, but rather to all the dissipators whose hysteretic behavior can be roughly described by Fig. 2c .
Inside the framework of the aforementioned research project, these tests pursue the following objectives:
-To collect a wide set of experimental results useful to calibrate the proposed numerical model. -To contribute to clarify some of the aforementioned four controversial issues, namely, behavior for inputs containing pulses, capacity to cut resonance peaks, introduction of high frequencies in the response, and self-generation of twisting motion. -To better understand the dynamic behavior of friction dissipators.
-To give an insight on the feasibility of using simple, yet robust and reliable friction dissipators. -To characterize the hysteretic behavior of these devices, as to allow their implementation in designoriented computers codes.
The experiments are designed to reach these goals, yet accounting for the time, availability and budget constraints. 
General remarks
The experiments consist of unidirectional shaking table tests of two steel frames, designed as reduced scale models of building structures with one and two floors, respectively. Such frames incorporate a pair of parallel friction dissipators in each level. A deeper description of the tests can be found in the reference De la Cruz (2003) . The experiments were carried out in the BLADE laboratories of the University of Bristol (UK). Table 1 . Such geometrical parameters as well as the added masses are mainly selected to provide natural periods similar to those of real buildings with the same number of stories. All the members are made with structural steel, grade 43. Both models are rigidly fixed to the shaking table. Fixed reference frame Accelerometer the friction dissipators blocked (i.e., any sliding is prevented) and (iii) with normal operation of the dissipators (i.e., sliding is not prevented). Such conditions are termed next as bare frame, braced frame and protected frame, respectively. These conditions correspond to feasible situations of real buildings; hence, proper efficiency of the dissipators requires that the protected frame performs better than both the bare and the braced one. Only the protected frames were tested. The responses of the bare and braced frames were computed for comparison purposes; linear behavior was assumed. The frames behave linearly since the nonlinearities are concentrated in the dissipators; consequently, their behaviors are only characterized by the mass, stiffness and damping coefficients. Since the two structures are symmetric, their horizontal vibrations are described by discrete lumped masses models with one degree-of-freedom (DOF) per floor (x displacement). In the protected frames, the relative motion of the dissipators with respect to the frames is described by additional DOFs (see Section 3). The values of the structural parameters are listed next.
Testing frames
For both frames the mass of the first floor is 1067 kg, for the two-storey model the mass of the second floor is 1105 kg. For the numerical simulations the halves of these values are used, given that single frames (i.e. front or rear) are considered; hence, for the single-story model the mass coefficient is m = 533.5 kg while for the two-storey model the mass matrix is M = diag(533.5, 552.5) kg. The mass of the bracing system is neglected; this assumption is supported by comparison between numerical and experimental results. . The comparison among coefficients k' and k and among matrices K' and K shows that, in the horizontal x direction, the diagonal braces are significantly stiffer than the frames.
The viscous damping coefficients of the bare frame are determined (De la Cruz 2003) from the above mentioned natural periods and from the identified modal damping ratios (Chopra 2001) ; for the two-storey model the damping matrix in modal coordinates is assumed to be diagonal. Such damping factors are obtained from white noise tests as the ratio between the real and imaginary parts of the poles of the transmissibility function between the shaking table input motion and the frame acceleration response. For the single-story model the damping ratio is  1 = 0.003141 while for the two-storey one the modal damping ratios are  1 = 0.004608 and  2 = 0.001636 for the first and the second vibration modes, respectively. Since no damage is expected in the main structure, such values can be used for numerical simulation in spite that the motion amplitudes in the main tests will be significantly higher than those in the white noise case. 
Friction dissipators
All the dissipators are alike. They consist of a hollow long prismatic block of stainless steel with a cut (slot) along its length. The hole is shaped as a cylinder whose axis goes along the length of the block to hold the circular brace (see Fig. 4 ). Fig. 5a shows a lone device, Fig. 5b displays a dissipator mounted in a brace, and Fig. 5c and Fig. 5d show a longitudinal cut and a cross section, respectively. As shown in Fig. 5 , two transversal smaller holes were drilled in the block to hold two adjustable bolts to control the prestressing normal force between the dissipator and the brace. The migration of the device along the brace is prevented by connecting rigidly its upper end and allowing only sliding of the lower one (Fig.  5b) . The sliding surfaces of the dissipator and the brace were thoroughly smoothed. The relationship between the applied torque and the sliding threshold ( N, see Fig. 2c ) is experimentally determined (De la Cruz 2003); the behaviors under compression and tension loads are not identical, as confirmed by the main tests (see Table 2 and Table 3 ). The clamping forces of the bolts were chosen aiming to generate sliding of the friction devices under the selected inputs (De la Cruz 2003) . These values are mainly used for preliminary design purposes; for the numerical simulations, the sliding thresholds are instead identified from the main measured results.
Input signals
The two rigs shown in Fig. 3 were mounted on a shaking table and underwent several types of unidirectional dynamic excitations: sine dwells and scaled registered and artificial earthquakes. Table 2  and Table 3 show, for each input, the sampling periods of the digital control loops governing the tests, the main features of the input and the values of the positive and negative sliding thresholds ( N) of the friction forces which are assumed for the numerical simulations; positive values of  N correspond to tensioned braces. The sine dwell signals consist of harmonic waves; during the first two seconds the amplitude grows linearly, then keeps constant until the last two seconds when decreases linearly until vanishing. The San Fernando Earthquake corresponds to the Pacoima Dam station (February 9 1971, 196º) . The artificial earthquake is generated to fit the spectrum obtained by Newmark et al. (1973) . For the single story model (Table 2) , the sine dwell and the Northridge Earthquake are selected to discuss controversial issues about friction dissipators. The frequency of the sine dwell signal is extremely close to the natural frequency of the bare frame (f1 = 4.14 Hz); hence, while the dissipator keeps sliding the motion is near resonance. The Northridge Earthquake corresponds to the Sylmar County Hospital Station (January 17 1994, 90º); this signal was selected because contains pulses (Frau and Saragoni 2005 ) generated by nearsource effects. Table 2 and Table 3 show that for some inputs the identified values of the positive and negative sliding thresholds are different; this fact is taken into account in the numerical simulations. Except in one case (first floor of the two-storey building under the artificial earthquake, see Table 3 ), this difference might be generated by the highest difficulty of pushing the brace inside the dissipator rather than pulling it out. This is also observed in the static calibration tests (De la Cruz 2003).
Testing equipment
The measured variables are: (a) input (table) accelerations and displacements, (b) output (floor) accelerations and displacements, (c) friction forces and (d) sliding displacements in the dissipators. Eleven sensors were used in the single-story frame: 3 accelerometers on the base, 2 accelerometers on the top, 2 long stroke displacement transducers on the top, 2 small displacement transducers on the dissipators and 2 load-cells on the diagonal braces; nineteen sensors were used in the two-storey frame: 3 accelerometers on the base, 2 accelerometers on the first floor and 2 on the top, 2 long stroke displacement transducers on the first floor and 2 on the top, 2 small displacement transducers on the first floor dissipators and 2 on the second floor dissipators, and 2 load-cells on the first floor braces and 2 load-cells on the second floor braces. Fig. 4 shows the sensors of the single-story model.
Numerical model
The tests are simulated with a numerical algorithm developed by some of the authors (De la Cruz et al. 2001 , De la Cruz 2003 , De la Cruz et al. 2007 ). This model is intended to describe the nonlinear dynamic behavior of 2D multi-storey frames incorporating friction dissipators in each floor. The motion is described by the two following matrix differential equations:
Super-indexes s and d account for the main structure and for the dissipators, respectively, while subindex g refers to ground. Vectors x s and x d contain the N horizontal displacements of the floors and of the dissipators, respectively, where N is the number of floors. M ss , M dd , C ss , C sd , C dd , K ss , K sd and K dd are mass, damping and stiffness matrices, respectively. Vector F contains the N interaction friction forces and, finally, r = (1,···,1) T is an unit vector.
The numerical solution of equations (1) and (2) is arduous mainly because of three reasons: (a) they are highly nonlinear due to the abrupt shifts in the friction forces every time the sliding motion reverts, (b) they are coupled trough the friction forces F and the matrices K sd and C sd and (c) the continuous changes in the sliding or sticking conditions in the dissipators causes that the number of degrees of freedom to be computed changes continuously, ranging in between N and 2N, as shown next. When there is sticking in every dissipator the velocities of the floors and of the dissipators are equal (x = x ) and only N degrees of freedom are needed to describe the motion. Conversely, when some devices slide, the corresponding velocities and are not related and, hence, the required number of degrees of freedom is higher. If all the devices slide simultaneously, the required number of degrees of freedom is 2N. To solve equations (1) and (2), a modification of the linear acceleration method (Chopra 2001 ) is proposed; three nested iteration loops are used, their completion guarantees the fulfillment of equations of motion (1) and (2) and of the constitutive laws of the dissipators (Fig. 2c) .
Results given by this algorithm have been satisfactorily compared (De la Cruz et al. 2001 , De la Cruz 2003 , De la Cruz et al. 2007 ) to other numerical results from the ADINA software package (Bathe 1982) .
Numerical vs. experimental results
This section presents numerical and experimental results; three major purposes are pursued: (a) to discuss some issues about the actual behavior of the dissipators, (b) to investigate the influence of irregularly shaped hysteresis loops and (c) to further validate the accuracy and reliability of the proposed model, mainly under modeling uncertainties. All the results discussed in this section correspond to the two-storey model and the artificial earthquake (see Table 3 ); similar conclusions are derived from the other cases (De la Cruz 2003). ). In the vertical axis positive values of F1 correspond to tension and in the horizontal axis positive values of correspond to elongation, i.e. the brace going out from the block (see Fig.  5b ). Fig. 6 shows that the actual hysteretic behavior of the dissipators does not fit the Coulomb model depicted by Fig. 2c . Two major irregularities can be observed: (a) the two sliding branches are non flat but the forces are larger for higher penetration length of the brace inside the block and (b) the sliding thresholds at the superior and inferior branches are different. Both circumstances can be observed, more or less clearly, in the other experiments (about the second issue, see Table 2 and Table 3 ). The first irregularity can be explained by the increase of the sliding length as the brace penetrates inside the block. Fig. 6 . Experimental hysteresis loops of the first floor dissipator in the two-storey frame for the artificial earthquake
The first irregularity cannot be accounted for by the proposed numerical model but it is able to cope with the second one. To evaluate its relevance in the response, Fig. 7 shows a comparison between the numerical values of the first floor displacement response determined with the proposed model by considering the actual unequal values of the sliding thresholds indicated in Table 3 and by taking the average of such forces.
Plots in Fig. 7 show a good agreement, indicating a rather negligible influence of the difference between the superior and inferior sliding thresholds (Fig. 6) .
To assess the validity of the proposed model to simulate accurately the response, Fig. 8 shows the experimental and numerical values of the first floor displacement; the numerical value is obtained from the proposed model by considering the values of the sliding thresholds indicated in Table 3 .
Plots in Fig. 8 show that, in spite of the irregular shape of the loops shown by Fig. 6 , the agreement between numerical and experimental results is satisfactory. 
Introductory remarks
This section presents some numerical and experimental results to contribute to clarify some of the aforementioned controversial issues about friction dissipators. Fig. 9 displays the time history displacement responses of the single-story model for the Northridge Earthquake ( Table 2 ). The bare, braced and protected frames are considered; the response of the protected frame is experimental while those of the bare and braced frames are simulated numerically with the proposed model. The comparison among the three plots in Fig. 9 shows that the response of the protected frame is significantly smaller than that of the bare frame; this tendency is also observed in the other analyzed cases (De la Cruz 2003) . However, the balance between the protected and braced frames is unclear since the maximum response is larger for the protected frame while for the average value such trend is inverted. The protected frame response exhibits two peaks corresponding to the input pulses; hence, apparently, for strong crests the friction dissipators are not sufficiently efficient in reducing the maximum displacement. To help to understand why such peaks are not properly cut, the time history of the friction force F is plotted in Fig. 10 .
Behavior for inputs containing pulses
In Fig. 10 the sliding and sticking conditions can be clearly distinguished: sticking corresponds to friction forces smaller than  N (see Fig. 2c ) while sliding corresponds to F = ± N. At the onset of the input pulses (t = 4.49 s and t = 7.13 s) there is sticking and, hence, the response is not properly reduced; once the sliding is resumed (t = 4.53 s and t = 7.15 s), the peaks are immediately cut. To understand this better, it should be kept in mind that the behavior of the structure under sticking and sliding conditions is completely different: while sticking, the protected frame behaves like the braced one since there is no energy dissipation and only a stiffening effect is provided. Conversely, while sliding the frame behaves piece-wisely similarly to the bare frame, but with a decreased input since the friction force is constant and opposes motion (see equations 1 and 2). About this issue, it can be concluded that for inputs containing pulses the friction dissipators are useful to reduce the response compared to the unbraced bare frame; regarding the comparison between dissipators and rigid braces (i.e. protected vs. braced frame), further research is needed.
Capacity to cut resonance peaks
The frequency of the sine dwell signal (4 Hz, as shown in Table 2 ) is close to the natural frequency of the single-story bare frame (4.14 Hz, as discussed previously). During sliding such frequency is not significantly changed since the friction force is essentially piecewise constant; it should be kept in mind that the sliding condition is frequent during intense inputs, as is this one. Therefore, in this case the protected frame behaves roughly like if its natural frequency were the one of the bare frame; hence, the motion can be considered near-resonance. Fig. 11 shows the time histories of the displacement responses of the single-story frame to the sine dwell signal. Two responses are plotted: protected frame (experimental results) and bare frame (simulated results). The input signal is also plotted in the top left corner.
Plots from Fig. 11 show that the friction dissipators are clearly able to cut the resonance peaks. It should be kept in mind that the damping factor of the bare frame is extremely low (1 = 0.003141, as discussed previously) and therefore such resonance peaks are impressively high. It should be noted that, in friction devices installed in diagonal braces, the condition µ N > f0  / 4 is automatically fulfilled since the axial driving force in the device cannot exceed µ N. 
Introduction of high frequencies in the response
The abrupt shift of the friction forces every time the sliding motion in the dissipators reverts might introduce high frequencies in the response, mainly in the acceleration. To try to clarify this issue, the experimental frequency contents of the input and of the response have been compared. Fig. 12 shows, for the two-storey building under the "Sine dwell 1" excitation (see Table 3 ), the magnitudes of the discrete Fourier transforms of the driving input acceleration and of the second floor acceleration response, respectively. The comparison between the two spectra in Fig. 12 shows that the same peaks can be observed in the input and in the output; it allows to conclude preliminarily that no additional frequencies have been introduced in the response. If similar analyses are performed in the other tests, equivalent results are obtained.
Self-generated eccentricity
The actual values of the sliding thresholds  N are unpredictable, as well, onset and conclusion of sliding are highly random; hence, accidental differences between the dynamic behaviors of the front and rear frames (see Fig. 3 and Fig. 4 ) might arise. These self-generated eccentricities can generate twisting effects. To contribute to clarify this issue Fig. 13 shows the experimental time history response of the horizontal displacements of the single-story frame for the San Fernando Earthquake (Table 2) . Comparison between the plots from Fig. 13 shows that the differences among the peaks are relevant and that the offsets that can be observed in the instants between peaks are different for both frames. Therefore, self-generated torsional motion could not be neglected. Noticeably, the largest eccentricities correspond to instants where displacements are high and, hence, the dissipators are sliding. Similar conclusions can be derived in the other analyzed cases. However, this conclusion cannot be widely generalized since the torsional behavior largely depends on the ratio between torsional and translational stiffness of the structure.
Conclusions
This paper presents unidirectional shaking table tests carried out in the University of Bristol (UK) on two reduced-scale steel models of one and two-storey building structures incorporating a pair of parallel friction dissipators at each level. These experiments are simulated with an ad-hoc numerical model. The Front frame displacement Rear frame displacement main conclusions arising from these experiments are summarized below.
-Experimental results to calibrate the numerical model. A wide set of experimental results useful to calibrate the proposed numerical model have been collected. The numerical and experimental results agree satisfactorily, even for irregularly shaped hysteresis loops. -Behavior for inputs containing pulses. The considered dissipators are useful to reduce the response compared to the bare frame; regarding the braced frame the situation is unclear. -Capacity to cut resonance peaks. These dissipators are able to cut the resonance peaks; even the sharper ones, corresponding to low damped structures. -Introduction of high frequencies in the response. The comparison between the input and output spectra shows that their peaks correspond to the same frequencies. Hence, it can be preliminarily concluded that no additional frequencies have been introduced. -Self generated eccentricity. The experiments show that significant induced twisting effects arise in most of the cases. -Feasibility of simple friction dissipators. The considered devices are extremely simple and performed satisfactorily. However, the durability and the operation under saturation conditions have not been deeply investigated. -Characterization of the hysteretic behavior. The hysteretic behavior of the considered devices has been roughly characterized. Two major irregularities of the hysteresis loops have been observed: non-flat sliding branches and differences among the superior and inferior sliding thresholds; the dependency on such facts is numerically investigated.
